This study is the second of a two-part investigation into summer convective afternoon rainfall (CAR) simulation and projection over the East Asian continents. In Part I, we examined the CAR activity over Taiwan. In this study we focus on CAR activity over South China and Luzon using the WRF (Weather Research and Forecasting Model) driven by HiRAM (High Resolution Atmospheric Model) (i.e., WRF-HiRAM). These examinations focus on two time-sliced simulations assuming the climate conditions at present (1979 -2003, historical run) and at the end of the 21 st century (2075 -2099, RCP 8.5 scenario). The results show that WRF-HiRAM is capable of simulating the spatial-temporal variation in CAR activity over South China and Luzon close to the recorded observations. In the future projections, WRF-HiRAM predicts that CAR events over most of South China and eastern Luzon will become fewer but stronger. Conversely, CAR events over western Luzon will become more frequent and stronger. Analyses also indicate that the projected change in CAR amount over most of South China (except for the coastal regions) and Luzon will be dominated by the change in CAR rate, not the change in CAR frequency. As for the cause of change in CAR rate, WRF-HiRAM projects that atmospheric humidity over South China and Luzon will increase significantly in the future. This will lead to an increase in local CAR rate. In contrast, the projected change in CAR frequency over South China and Luzon is suggested to be greatly modulated by the change in daytime surface wind convergence and thermal instability. Examinations were also performed to document the characteristics and causes of the projected change in CAR activity extracted from HiRAM.
IntRODUCtIOn
During summer (June, July, and August, or JJA), the precipitation over the East Asian region exhibits a clear seasonal variation and also shows conspicuous diurnal variability (Zhao et al. 2005; Dai et al. 2007; Yu et al. 2007a, b; Kikuchi and Wang 2008; Zhou et al. 2008; Chen et al. 2009; Huang and Chan 2012; Huang and Wang 2014; . Many studies examining the observational data have noted that the summer continental diurnal rainfall generally peaks in the late afternoon (Ramage 1952; Yin et al. 2009; Huang et al. 2010; Huang and Chan 2011) , while the oceanic diurnal convection tends to reach its maximum in the early morning (Kraus 1963; Andersson 1970) . It was suggested that such diurnal rainfall evolution over the continental regions cannot be simulated well by most of the global climate models (Dai 2006; Hara et al. 2009 ). Because of the computational limitations and the inadequate application of physical processes in resolving the details, simulating the diurnal precipitation variations is one of the many challenging issues in global climate models (Slingo et al. 2004) .
Because the horizontal resolution of most global model simulations is generally too coarse to represent the local climate details, the regional climate model has been frequently adopted for dynamical downscaling the global climate simulation results in reproducing the local climate change (e.g., Lin et al. 2015) . A general review of how regional climate model (i.e., dynamical downscaling) approaches have been investigated and employed over the complex topographic area of Asian region is referred to Hong and Kanamitsu (2014) , Lee and Hong (2014) , Lee et al. (2014) , and Xue et al. (2014) . Among these studies, Huang et al. (2013) recently adopted a similar dynamical downscaling approach to obtain more realistic simulations of diurnal precipitation change over South China, and suggested that a regional model setup suitable for diurnal rainfall simulation over South China might not be suitable for simulating diurnal rainfall over other East Asian sub-regions. Huang et al. (2016) used the WRF (Weather Research and Forecasting Model; Skamarock et al. 2008 ) driven by two super high resolution global climate models and noted that using WRF dynamical downscaling of global model data helped to generate a more realistic diurnal rainfall simulation over Taiwan. However, as inferred from Huang et al. (2013) , it is possible that Huang et al.'s (2016) suggested WRF dynamical downscaling approach might not perform well in the simulations of diurnal rainfall variation over South China and Luzon (i.e., the two continental areas closest to Taiwan; marked in Fig. 1) .
One of the objectives of this study is to clarify this issue with focus on the performance of WAR-HiRAM [i.e., WRF driven by High Resolution Atmospheric Model (Zhao et al. 2009 )] in simulating the diurnal rainfall characteristics over South China and Luzon. It will be shown later that the WRF dynamical downscaling approach suggested by Huang et al. (2016) for simulating Taiwan's diurnal rainfall is also suitable for South China and Luzon's diurnal rainfall simulations. Another objective of this study is to project future changes in summer convective afternoon rainfall (CAR) activity over South China and Luzon. Examinations will be performed to understand what causes the projected changes in CAR activity over South China and Luzon.
The remainder of this study is as follows. In section 2 the model, the observational data and the statistical methods used for the analyses are introduced. Results are presented in section 3 followed by a conclusion given in section 4. Note, Huang et al. (2016) (Mizuta et al. 2012) ], suggesting the WRF dynamical downscaling approach is not very sensitive to driving forcing. From the preliminarily comparison of WRF-HiRAM (shown later) and WRF-MRI's (not shown) simulated CAR activity, this study also found that the former is very similar to the latter for both South China and Luzon. Therefore, for these simulations we focus only on the results extracted from WRF-HiRAM and its driving forcing (i.e., HiRAM) in this study to make the discussions more concise.
MODeLS, ObSeRvAtIOnAL DAtA, AnD StAtIStICAL MethODS

Models
The dynamical downscaling experiment uses version 3.5.1 of WRF (Skamarock et al. 2008 ) driven by HiRAM (Zhao et al. 2009 ). Two time-sliced simulations assuming the climate conditions at present (1979 -2003, under the historical run) and at the end of the 21 st century (2075 -2099, under the RCP 8.5 scenario) are performed. The Hi-RAM's horizontal resolution is approximately 25-km over the East Asian summer monsoon region, coupled with 32 vertical layers. Different from HiRAM, the WRF-HiRAM's horizontal resolution is approximately 5-km, interval with 36 vertical layers. The simulation domain of WRF-HiRAM covers the areas of (112 -130°E, 14.5 -32.5°N) (Fig. 1) .
In WRF-HiRAM, the planetary boundary layer simulations use the Noah land surface model (Tewari et al. 2004) , the Yonsei-University boundary layer scheme (Hong et al. 2006) , and the Monin-Obukhov surface layer scheme (Monin and Obukhov 1954) . The microphysics parameterizations use the WRF Single-Moment five-class schemes (Hong et al. 2004) . The CAM3 (version 3 of NCAR Community Atmosphere Model) radiation scheme (Collins et al. 2004 ) is used and the RCP 8.5 GHG concentration is considered in longwave radiation calculation. No cumulus parameterizations are applied. Spectrum nudging is only applied to atmospheric conditions, but not to the boundary layer.
Observational Data
Observed precipitation is derived from 3-hourly TRMM (Tropical Rainfall Measuring Mission) 3B42 satellite precipitation (Huffman et al. 2007 ). The TRMM 3B42 data provides rain rate at the spatial resolution of 0.25° longitude × 0.25° latitude, comparable with the common meteorological station network spacing in the East Asian summer monsoon region (Zhou et al. 2008) . TRMM 3B42 data has recently been proven to be a good proxy for diurnal convection over the East Asian regions (Hong et al. 2005; Huang and Chan 2011) .
Statistical Methods
Based on the diurnal rainfall observational characteristics over South China and Luzon (Fig. 2 , to be discussed later), a CAR day is identified as when (1) the accumulated rainfall during 1200 -2200 LT (local time) is larger than 80% of the daily rainfall, (2) the accumulated rainfall during 0100 -1100 LT is smaller than 10% of the daily rainfall, and (3) the days affected by other weather systems (e.g., typhoons) are excluded. These criteria are applied for both the observation and the models. Statistical significances for the analyzed variables are determined using a two-tailed Student's t-test based on the effective degree of freedom (Von Storch and Zwiers 1999) . Hereafter, the analyses are presented for LT over South China and Luzon, which are the universal time +8 h. Figure 1 shows the geographical location and the topography of South China, Luzon, and Taiwan. Overall, South China is characterized by lower plains in the south ) Q V q dp p hPa 300
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, where V denotes the horizontal wind, q is the specific humidity, and p is the pressure level. Plots (c) and (d) are the JJA mean 3-hourly rainfall area-averaged over the land areas of South China and Luzon marked in Fig. 1 . and higher mountains in the north. Luzon is characterized by higher mountains in the west and lower plains in the east. Taiwan is characterized by lower plains in the west and higher mountains in the central-east. The geographic characteristics are obviously very different between South China, Luzon, and Taiwan. It is therefore possible that the model setup suitable for rainfall simulation over Taiwan might not be suitable for rainfall simulation over South China and Luzon. To examine this issue in detail, the discussions in this Section are arranged as follows. Considering that a proper diurnal rainfall simulation is important to a proper CAR activity simulation and projection, we examined the models' capability in simulating the general diurnal rainfall characteristics over South China and Luzon (to be discussed in section 3.1). After that, we then used models to simulate (to be discussed in section 3.2) and project (to be discussed in section 3.3) future change in CAR activity over South China and Luzon. Figure 2a shows the spatial distribution of 3-hourly rainfall variations extracted from TRMM 3B42. Visually, note that (except Taiwan) South China and Luzon are the other two regions with larger diurnal rainfall variability. Consistent with previous studies (e.g., Johnson and Bresch 1991) , the largest diurnal rainfall variability in Fig. 2a is located at the windward side of the mountains under the modulation of sea breeze convergence, upslope flow and the orographic lifting of prevailing southwesterly flow. It should be noted that although the altitude of highest mountain over Taiwan is higher than the altitude of highest mountain over Luzon, the diurnal rainfall variability in Fig. 2a over Taiwan is smaller than the diurnal rainfall variability over Luzon. This is because compared to Taiwan, Luzon is located in an area where more atmospheric moisture flux convergence appears to support local rainfall formation (Fig. 2b) . Regarding how the moisture flux transport can support diurnal rainfall formation over the East Asian region, please refer to Huang et al. (2010 Huang et al. ( , 2013 .
Observed and Simulated Diurnal Rainfall variations
By examining the temporal variation of 3-hourly rainfall area-averaged over South China (Fig. 2c) and Luzon (Fig. 2d) , the results show that both the diurnal rainfall over South China and Luzon tend to reach their maximum at 17 LT. This feature is similar to that revealed over Taiwan (Huang et al. 2016 ). In view of previous studies (e.g., Kikuchi and Wang 2008), one frequently adopted method to illustrate major diurnal rainfall features over a larger domain is to apply an Empirical Orthogonal Function (EOF) analysis on the 3-hourly rainfall. Here, we apply the same EOF analysis to the JJA mean 3-hourly rainfall extracted from TRMM 3B42 over the East Asian domain to summarize the diurnal rainfall characteristics over South China, Luzon, and Taiwan. The first principal component of the EOF analysis (hereafter, the first EOF mode) is given in Fig. 3 .
Note that (1) the largest diurnal rainfall variability generally appeared over South China, Luzon, and Taiwan (see the spatial pattern in Fig. 3 ), and (2) the observed diurnal rainfall over these three land areas generally peaks at 17 LT (see the temporal pattern in Fig. 3 ). These findings are consistent with those revealed in Fig. 2 , suggesting that most diurnal rainfall characteristics over South China, Luzon, and Taiwan can be well represented by the first EOF mode (which explains about 67.5% of the total variability in diurnal rainfall; see Fig. 3 ). Based on this suggestion, the same EOF analysis is applied to the models' simulating JJA mean 3-hourly rainfall (Fig. 4) to help clarify the models' ability to simulate the diurnal rainfall characteristics over the areas of interest.
The results presented in Fig. 4 show that consistent with Fig. 3 , both HiRAM and WRF-HiRAM's first EOF modes also explain more than 60% of the total variability in diurnal rainfall over the analyzed domain. Comparing Fig. 4a with Fig. 3 HiRAM underestimates the diurnal rainfall variability over South China and also has problems in capturing the correct timing of afternoon rainfall maximum over most of the land areas. In contrast, WRF-HiRAM presents a more realistic simulation than HiRAM for the spatial distribution of diurnal rainfall variability (the spatial correlation coefficient between Fig. 4b and Fig. 3 is ~0.8, while between Fig. 4a and Fig. 3 is ~0.3) . WRF-HiRAM also produces better performance than HiRAM in depicting the diurnal rainfall temporal evolution (temporal correlation coefficient between Fig. 4b and Fig. 3 is ~0.95, while between Fig. 4a and Fig. 3 is ~0.6) over the analyzed domain.
More evidence supporting that WRF-HiRAM is more capable than HiRAM in simulating diurnal rainfall activity over South China and Luzon can be obtained from a comparison between the observed (Fig. 2) and simulated (Fig. 5) temporal evolution of 3-hourly rainfall area-averaged over South China and Luzon. The results show that HiRAM's simulated diurnal rainfall over South China (Luzon) tends to occur approximately 3 hours earlier (later) than the observed rainfall. These timing shift problems can be corrected after using WRF-HiRAM. Based on these findings (Figs. 2 -5 ) it is hypothesized that the WRF dynamical downscaling approach can be applied for a more realistic CAR activity simulation over South China and Luzon. This inference is clarified in the next sub-section.
Observed and Simulated CAR Activity
Figures 6a -c show the spatial distribution of CAR amount (i.e., average CAR rainfall accumulated during a summer) estimated by TRMM 3B42, HiRAM, and WRFHiRAM, respectively. The observation (Fig. 6a) shows that larger CAR amount generally occurs over the coastal regions of South China, western Luzon, and western Taiwan. Similar to Fig. 2a , these areas are the windward side of mountains under the prevailing southwesterly monsoon, upslope flow, and sea breeze. Also consistent with Fig. 2a , the CAR amount over western Luzon is larger than that over western South China and western Taiwan. The possible cause for this difference is attributed to that the lower-latitude regions (i.e., Luzon) have more moisture available for rainfall formation, compared to the higher-latitude regions (i.e., Taiwan and South China) (e.g., Huang et al. 2013) . Among these models only WRF-HiRAM (Fig. 6c) is capable of capturing the asymmetric CAR amount pattern over South China (i.e., larger over the coastal regions than over the inner regions). In contrast, both HiRAM and WRFHiRAM are capable of depicting the correct CAR amount distribution over Luzon, with larger values in the west than in the east. To quantitatively evaluate the models' performance in simulating the CAR amount, we computed the observed and simulated CAR amount area-averaged over South China and Luzon. The results are given in Fig. 6d . Notably, Hi-RAM tends to underestimate the CAR amount not only over South China, but also over Luzon. These biases again can be greatly reduced after using WRF-HiRAM (Fig. 6d) .
It is known that the magnitude of CAR amount is determined by the associated change in CAR frequency (i.e., the number of CAR days, per JJA) and CAR rate (i.e., the average rain rate during a CAR day). To further clarify which factor (CAR frequency or CAR rate) contributes most to the HiRAM's bias in underestimating the CAR amount over South China and Luzon, we further evaluated the models' performance in simulating CAR frequency (Fig. 7) and CAR rate (Fig. 8) . As seen from the observations (Figs. 7a and 8a ), the areas with larger CAR amount (i.e., coastal regions of South China, western Luzon, and western Taiwan) generally consist of larger CAR frequency and larger CAR rate. By comparing these features with those simulated by HiRAM (Figs. 7b and 8b) , it is noted that over South China HiRAM has a better CAR frequency distribution simulation than CAR rate distribution simulation. In contrast, over Luzon, HiRAM produces better CAR rate distribution simulation than CAR frequency distribution simulation. Quantitatively, HiRAM's simulated CAR frequency and CAR rate over South China are about 15% 1 (estimated from Fig. 7d ) and 60% (estimated from Fig. 8d ) less than the observed values, respectively. In contrast, over Luzon HiRAM's simulated CAR frequency and CAR rate are about 55% less (estimated from Fig. 7d ) and 30% more (estimated from Fig. 8d ) than the observed values. These findings imply that HiRAM's problem in underestimating South China's (Luzon's) CAR amount is caused mainly by its errors in simulating CAR rate (CAR frequency).
Note from Figs. 7 -8, HiRAM's disabilities in simulating the CAR frequency and CAR rate over South China and Luzon can be greatly improved after using WRF-HiRAM. Based on these findings (Figs. 6 -8 ), WRF-HiRAM is suggested more capable than HiRAM in simulating the CAR activity over South China and Luzon.
Projected Change in CAR Activity
To project the future changes in CAR, we computed the difference in simulated CAR activity between two selected periods: 2075 -2099 and 1979 -2003 (i.e., 2075 -2099 minus 1979 -2003) . The results are given in Fig. 9 . In South China both HiRAM and WRF-HiRAM predicted that (1) CAR events will become fewer (i.e., decrease in CAR frequency, Figs. 9c -d) but stronger (i.e., increase in CAR rate, Figs. 9e -f) over the entire South China area; and (2) the CAR amount will decrease over the coastal regions, but increase over the inner South China regions (Figs. 9a -b) . As inferred from these predictions, future changes in the CAR amount over the inner regions (coastal regions) of South China are most likely contributed by the change in CAR rate (CAR frequency), and contributed less by the change in CAR frequency (CAR rate). Both models also project that CAR over western Luzon will become more frequent and stronger. These changes in CAR activity will lead to an increase in CAR amount over western Luzon. In contrast, for eastern Luzon, a large inter-model difference is found in the projected change in CAR amount (decrease in Fig. 9a , but increase in Fig. 9b ). This is attributed to the difference in the projected change in CAR rate (decrease in Fig. 9e , but increase in Fig. 9f) , not in the change in CAR frequency (decrease in both Figs. 9c and d) .
Examining the change in rain rate, previous observational studies (e.g., Chou et al. 2012) suggested that the change is greatly modulated by the change in atmospheric humidity. As inferred from these studies, it is likely that the projected changes in CAR rate are induced by the projected changes in regional atmospheric humidity. To clarify this inference we examined the differences in simulated atmospheric humidity between 2075 -2099 and 1979 -2003 , at 700 hPa (i.e., the level with clear humidity changes) (Fig. 10) . Indeed, both HiRAM and WRF-HiRAM's projections show that (1) the humidity over most of South China and Taiwan will increase in the future; (2) the increase in humidity will be larger over the inner regions than over the coastal regions of South China; and (3) the increase will be larger over western Luzon than over eastern Luzon. By comparing these features with those revealed in Figs. 9e - (a) (b) (c) a significant increase in atmospheric humidity will experience a significant increase in CAR rate. This finding supports our inference that the increase in CAR rate is caused by the increase in atmospheric humidity. As a result of the changes in atmospheric humidity shown in Fig. 10b , WRF-HiRAM projects that the increase in CAR rate over most of Luzon and South China will be larger than the increase in CAR rate over Taiwan (Fig. 9f) . Further, it is noted that HiRAM's projected changes in atmospheric humidity over eastern Luzon do not pass the significant test (Fig. 10a) . This is different from that revealed in WRF-HiRAM (Fig. 10b) . This inter-model difference in projected change in atmospheric humidity may be one of the reasons that explain the different projections in CAR rate change over eastern Luzon. Finally, we examine what causes the projected changes in CAR frequency over South China and Luzon. In view of part I of this two-part investigation (Huang et al. 2016) , it is suggested that the changes in daytime surface wind convergence and thermal instability are the two major factors that modulate the changes in CAR frequency over Taiwan. To know if this suggestion can be applied to explain the changes in CAR frequency over South China and Luzon, we examined the projected changes in daytime surface wind convergence (Figs. 11a -b ) and thermal instability (Figs. 11c -d) , following Huang et al.'s (2016) method. For details of (1) how to deal with horizontal near-surface wind convergence in Figs. 11a -b while the surface winds are not at the same height level (e.g., Luzon), and (2) why the differences in temperature between the surface and 600 hPa were selected for the thermal instability calculation in Figs. 11c -d , please refer to Huang et al. (2016) .
Overall, both HiRAM and WRF-HiRAM predict that daytime surface wind convergence will decrease over most of South China and eastern Luzon, but increase over western Luzon . These changes in daytime surface wind convergence imply that the dynamic lifting will become weaker (stronger) to suppress (facilitate) the formation of CAR events over most of South China and eastern Luzon (over western Luzon). On the other hand, it can be inferred from Figs. 11c -d that the thermal instability will decrease in the future [i.e., -dT/dz (future -present) < 0] to suppress CAR event formation over South China and Luzon. Such a decrease in thermal instability over South China and Luzon is induced because the atmospheric warming is predicted to be greater at upper-levels than at low-levels (Figs. 11e -f) . This is similar to that predicted over Taiwan (Huang et al. 2016) . Altogether, the findings in Fig. 11 suggest that both the change in daytime surface wind convergence and thermal instability should be considered together when explaining the projected change in CAR frequency over South China and Luzon.
Note that in addition to the aforementioned surface wind convergence and thermal instability, the upslope flow and the orographic lifting of prevailing wind (i.e., the topography effect) could be the other two factors important to CAR formation over complex terrain (e.g., Luzon). However, as inferred from Tu et al. (2014) , to reasonably discuss the contribution of change in upslope flow and orographic lifting of prevailing flow in affecting CAR formation, more modeling experiments for the topography effect (e.g., with or without topography) are required. Further studies are suggested in the future to clarify the role played by the topography effect on the modulation of future change in CAR activity.
COnCLUSIOn
The HiRAM and WRF-HiRAM's performance in simulating and projecting CAR activity over South China and Luzon were examined in this study. The analyses focused on two time-sliced simulations assuming the climate conditions at present (1979 -2003) and at the end of the 21 st century (2075 -2099) . The present-day simulations showed that WRF-HiRAM produced better performance (compared to HiRAM) in simulating the CAR activity over South China and Luzon. This is attributed to proper simulation of the local diurnal rainfall activity in WRF-HiRAM.
In future projections, both HiRAM and WRF-HiRAM predicted that (1) CAR activity will lessen (i.e., decrease in CAR frequency) but become stronger (i.e., increase in CAR rate) over most of South China; (2) the increase in CAR rate will contribute more (less) than the decrease in CAR frequency over inner (coastal) regions of South China; (3) these changes in CAR rate and CAR frequency will lead to an increase (decrease) in CAR amount over inner (coastal) regions of South China. Additionally, both Hi-RAM and WRF-HiRAM produced similar projections for future changes in CAR activity over western Luzon. The CAR amount over western Luzon is predicted to increase in the future due to the increase in both CAR frequency and CAR rate. In contrast, larger inter-model differences were found between HiRAM and WRF-HiRAM's projections for the future changes in CAR activity over eastern Luzon. Such different projections for the change in CAR amount (decrease in HiRAM, but increase in WRF-HiRAM) over eastern Luzon were found to be induced because of different projections for the change in CAR rate (decrease in Hi-RAM, but increase in WRF-HiRAM).
Note, the analyses also suggest that the future increase in CAR rate over South China and Luzon is induced because of the increase in atmospheric humidity. It is found that the areas with larger increase in atmospheric humidity (i.e., inner regions of South China and western Luzon) will experience larger increase in CAR rate. On the other hand, the cause of the future decrease in CAR frequency over South China and eastern Luzon is attributed to both the decrease in daytime wind convergence and the decrease in thermal instability. In contrast, for the cause of the future increase in CAR frequency over western Luzon, it is suggested to be induced because of the increase in daytime wind convergence (i.e., dynamic trigger) likely contributing more than the decrease in thermal instability (i.e., thermal trigger).
The characteristics and projected changes in CAR activity over South China and Luzon (documented in this study) are very different from those over Taiwan (documented by Huang et al. 2016) . Therefore, it is important and necessary to have this study to clarify the capability of Huang et al.'s (2016) suggested WRF dynamical downscaling approach in simulating CAR activity over South China and Luzon. The results presented in this study can help the local community better understand how regional climate will likely change in the future under global warming. However, it should be mentioned that the results of this study could be dependent on the physical parameterization setup. Further studies on the physical parameterization sensitivity testing with increasing number of vertical levels employed in the models are planned to clarify this issue.
